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The Australian plague locust, Chortoicetes terminifera (Walker), is an important agricultural pest that ovi-
posits into soil across vast semi-arid and arid regions. This study aimed to determine whether gravid
female locusts can discriminate among substrates of increasing salinity (0, 4, 8, 12, 16, 20, 24, and
28 ppt NaCl) when attempting oviposition, and quantify the effects of saline substrate on direct develop-
ing egg viability, and subsequent hatchling nymph body weight and survival. Gravid female locusts
increasingly excavated and withdrew prior to completing oviposition in substrates of increasing salinity,
but similar numbers of completed egg pods were observed across treatments. Egg weight at 50% total
development time and successful egg development to nymph emergence decreased with increasing sub-
strate salinity. Water balance equilibrium between the egg and the substrate occurred at approximately
12 ppt NaCl corresponding to a water activity of 0.995. Eggs oviposited into sand containing 612 ppt
NaCl weighedP6.26 ± 0.91 mg and hadP76.8% successful development to nymph emergence. Eggs ovi-
posited into sand containing >12 ppt NaCl weighed 65.16 ± 1.27 mg and had 645.6% successful develop-
ment to nymph emergence. Hatchling nymph body weight and survival to second instar also decreased
with increasing substrate salinity. Nymphs that hatched and emerged from sand containing 612 ppt NaCl
weighed P5.55 ± 0.43 mg at emergence and had P68.9% survival. Nymphs that hatched and emerged
from sand containing >12 ppt NaCl weighed 65.28 ± 0.67 mg at emergence and had 652.0% survival.
These results indicate that C. terminifera is sufficiently resilient to develop and survive in saline substrates
over most of their range.
Crown Copyright  2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
For insects that deposit eggs into soil, site choice is often critical
to embryonic development and survival. For example, oviposition
site selection in tiger beetles (Coleoptera: Cicindelinae) has been
shown to be dependent on a range of environmental factors includ-
ing soil temperature, soil type, moisture levels, salinity and vegeta-
tion cover (Hoback et al., 2000; Cornelisse and Hafernik, 2009).
These factors can be detected physiologically by specialised hairs
sensitive to soil structure and moisture present on the terminal
abdominal segments during attempted oviposition, and may lead
to behavioural discrimination between sites (Pearson and Vogler,
2001). Similarly, Tousson and Hustert (2000) showed that sensillae
located on the ovipositor of the migratory locust, Locusta migrato-
ria, are receptive to a range of chemicals that may be present in the
substrate. Contact chemoreceptors such as these may subse-
quently provide neural feedback, relative to the aversiveness of agiven chemical, to the central pattern generating circuits that
control rhythmic digging behaviour and egg laying (Newland and
Yates, 2008). Adult female locusts have also been shown to
spatially discriminate while attempting oviposition relative to soil
heterogeneity and environmental conditions in the field (Ji et al.,
2007). At swarm densities, site choice often leads to collective
oviposition events that may also be influenced by pheromonal cues
(Hassanali et al., 2005; Pener and Simpson, 2009). The subsequent
survival of insect eggs in soil, as well as the condition and survival
of hatchlings, depends on species specific morphological and phys-
iological mechanisms associated with factors such as maintaining
water balance and pathogen resistance (see Danks, 2000; Hajek
and Leger, 1994).
The Australian plague locust, Chortoicetes terminifera (Walker),
is well adapted to climatically variable open grassland environ-
ments in arid and semi-arid regions that are distributed across
most of the inland of the continent (Hunter et al., 2001). There
are two to four generations per year dependent on latitude and
adequate rainfall for sustained vegetation growth. Gravid females
oviposit into a wide range of compacted soil types largely
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are often observed repeatedly test drilling to assess soil suitability
(Clark, 1965). Further sensory capacity associated with the ovipos-
itor or terminal abdominal segments is probable (e.g. Kalogianni,
1995), but remains unknown for this species. Egg beds may exceed
1000 egg pods per square metre with each typically containing 30–
60 eggs deposited 2–10 cm beneath the soil surface (Farrow, 1982;
Woodman, 2015). The individual eggs within an egg pod generally
hatch in synchrony, which results in an initial flush within 24 h,
followed by two to three days of occasional nymph emergence
(Woodman, 2015). The eggs exhibit a facultative embryonic dia-
pause mechanism for overwintering as well as two identified
embryonic quiescence points during development that are trig-
gered by low soil moisture (a soil suction force of >9 to 10 atmo-
spheres renders water unavailable to the eggs) (Wardhaugh,
1973, 1980; Deveson and Woodman, 2014).
This study was designed to test whether gravid female C. ter-
minifera can discriminate among substrates of increasing salinity
levels when attempting oviposition, and subsequently, assess
direct developing egg viability as well as the body weight and sur-
vival of hatchlings to second instar. The effects of salinity on the
mode of embryonic development as well as the extent to which
saline soils may influence population dynamics in the field are
addressed.2. Materials and methods
2.1. Insects
Gravid adult female C. terminifera were sourced from a captive
colony maintained at the University of Sydney, Australia. All
locusts were incubated in crowded conditions within 300 mm
square cages of aluminium and fibreglass mesh design at a L14:
D10 photoperiod at 38 ± 0.5 and 28 ± 0.5 C. To permit fat accumu-
lation and oocyte development, locusts were provided freshly cut
wheat seedling leaves as food ad libitum.2.2. Oviposition experiments
To provide a substrate for oviposition, river sand (average par-
ticle size 1–2 mm; Brunnings Garden Products, Victoria, Aus-
tralia), washed twice with filtered water (Pureau pure water,
Noble Beverages, Australia), was dried at 70 C for 48 h before
being split into 8 quantities and wet to 8% water by weight with
filtered water containing dissolved salinity levels of 0, 4, 8, 12, 16,
20, 24 and 28 parts per thousand (ppt) NaCl. River sand was
selected for use based on it being effectively inert (following
washing and baking) and providing a consistent experimental
medium. The accuracy of all salt concentrations was checked
using a portable salinity meter (HI 98312, Hanna Instruments,
USA) before use. The sand was then firmly packed to a depth of
approximately 8 cm into small cardboard pots (internal dimen-
sions: diameter = 74 mm (top) and 54 mm (bottom),
height = 85 mm, volume = 237 mL) with a waxed internal surface
to ensure water-holding integrity. An individual gravid female
locust was placed on the sand surface inside each pot at approx-
imately the same time each day (0900–1000 h) and covered with
plastic mesh before being returned to the incubator set as above
for a 4 h period to allow for oviposition. After each observed
oviposition (i.e. one egg pod per pot), the relevant pot was
removed from the incubator and the locust removed. Pots with
confirmed oviposition were then grouped to give 13–28 egg pods
per salinity treatment group. Locusts that did not oviposit were
returned to the insect cage with food and given the same
opportunity the following day. An additional set of sand potswas prepared as above with dissolved salinity levels of 8, 12,
16, 20, 24 and 28 ppt NaCl to quantify the number of successful
and unsuccessful (i.e. aborted ‘test drilling’) oviposition events.
Thirty cups per salinity treatment were set up with a gravid
female locust as described above and monitored for 3–4 h to
record oviposition attempts and determine the extent to which
salinity is detected and potentially avoided by the female locusts.
All egg pods were incubated at 30 ± 0.5 C (TRIL-250-1SD, Ther-
moline Scientific, Australia). A subset of pots from each salinity
treatment (n = 6) had the egg pod removed from the substrate
and dissected at 50% total embryonic development time (approxi-
mately 8 days incubation at 30 C (Wardhaugh, 1973)) for the
immediate weighing of 10 randomly selected individual eggs per
egg pod to assess egg condition. The remaining pots in each treat-
ment (n = 7–22) were individually checked daily for hatching and
weighed to monitor substrate water content. Substrate moisture
was maintained at 8% by adding supplementary water as necessary
to compensate for evaporation. Within 24 h of hatching, nymphs
were removed and counted before transfer to an 800 mL plastic
container per egg pod pot with freshly cut wheat seedling leaves
provided for food ad libitum. A subset of pots from each salinity
treatment (up to n = 6 depending on hatching success) had 10 ran-
domly selected nymphs immediately weighed per pot prior to
transfer to the plastic container. All nymphs were incubated as
per the adults described above until 2nd instar (approximately
6 days) to assess survivorship.
Extraction of the egg pods for dissection was undertaken 7 days
following the last hatching for each treatment set. Any unhatched
eggs were placed into a dilute sodium hypochlorite solution for
10–15 min (Hunter and Gregg, 1984) and subsequently examined
under a stereo microscope to quantify dead (i.e. obvious dis-
colouration and physical deterioration) and quiescent embryos
(i.e. intact embryos at development stage IV) (Wardhaugh, 1973).
A small number of dead hatchling nymphs that had become
trapped within the egg pod and never emerged (62.2 per egg
pod across salinity treatments) were excluded from analysis.
2.3. Data analysis
Data for successful and unsuccessful oviposition attempts
were each pooled per salinity treatment prior to standard least
squares linear regression analysis. All other data was analysed
by one way analysis of variance with salinity as a multi-level
factor. Percentage survival data was ArcSin transformed prior
to analysis. All analyses were performed using JMP statistical
software (v. 8).
3. Results
Unsuccessful oviposition events (i.e. aborted ‘test drilling’)
increased with increasing substrate salinity such that locusts made
more than three times more unsuccessful attempts at 24 and
28 ppt compared to 8 ppt NaCl (F1,4 = 11.85, p = 0.026). However,
successful oviposition events did not significantly decrease with
increasing substrate salinity, despite declining slightly
(F1,4 = 4.95, p = 0.090) (Fig. 1).
Egg weight at 50% total development, and subsequent
successful development to hatching, both significantly decreased
with increasing substrate salinity (F7,470 = 282.44, p < 0.001;
F7,101 = 21.91, p < 0.001) (Table 1). Water balance equilibrium
between the egg and the substrate (i.e. the threshold for eggs
decreasing in weight) was apparent at approximately 12 ppt NaCl
(Table 1) corresponding to a calculated water activity of 0.995.
Total development time for all eggs that hatched across all treat-
ments was 17–21 days (including sporadic hatching following
the initial flush of emergence); a function of temperature
Fig. 1. Total unsuccessful (i.e. aborted ‘test drilling’) (closed circles) and successful oviposition events (open circles) for gravid female Chortoicetes terminifera into moist sand
at a range of different salinity levels. Thirty locusts per salinity treatment were observed over a 3 h period.
Table 1
Egg weight (mg) at 50% total development (a sub-sample of 56–62 eggs per treatment) as well as proportion successful development to nymph emergence, proportion of eggs in
embryonic quiescence, and proportion of dead eggs for whole Chortoicetes terminifera egg pods oviposited into sand substrate at a range of salinity levels (0–28 ppt NaCl). The
total number of eggs per treatment is given in parentheses following the proportion emergence data.
0 4 8 12 16 20 24 28
Egg weight (mg) 6.64 ± 0.82 6.48 ± 0.72 6.97 ± 0.66 6.26 ± 0.91 5.16 ± 1.27 3.29 ± 0.75 3.16 ± 0.36 3.09 ± 0.38
Emergence (%) 76.8 (397) 86.5 (556) 83.6 (891) 85.8 (761) 45.6 (842) 9.3 (355) 0 (366) 0 (239)
Quiescence (%) 0.0 0.2 0.7 4.6 41.1 82.3 98.6 82.8
Dead (%) 17.6 10.4 13.2 5.8 13.3 7.9 1.4 17.2
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ited into sand containing 612 ppt NaCl weighed P6.26 ± 0.91 mg
and had P76.8% successful development to nymph emergence.
Eggs oviposited into sand containing >12 ppt NaCl weighed
65.16 ± 1.27 mg and had 645.6% successful development to
nymph emergence (declining to zero emergence at 24 and 28 ppt
NaCl). The number of dead eggs per egg pod did not significantly
increase with increasing substrate salinity (F7,101 = 0.92,
p = 0.495) (Table 1). Rather, the number of quiescent eggs per
egg pod significantly increased with increasing substrate salinity
from negligible up to 8 ppt NaCl to all live eggs at 24 and 28 ppt
NaCl (F7,101 = 40.69, p < 0.001) (Table 1).
Body weight of successfully emerged nymphs, and subsequent
survival to second instar, both significantly decreased with increas-
ing substrate salinity (F5,304 = 8.24, p < 0.001; F5,77 = 4.06,
p = 0.003) (Table 2). Total development time for all nymphs that
hatched across all treatments was 5–6 days; a function of temper-
ature consistent with that reported in Gregg (1981). Nymphs that
hatched and emerged from sand containing 612 ppt NaCl weighed
P5.55 ± 0.43 mg at emergence and hadP 68.9% survival. Nymphs
from sand containing >12 ppt NaCl weighed 65.28 ± 0.67 mg at
emergence and had 652.0% survival.Table 2
Hatchling nymph weight and survival data to the point of successful moult to second insta
salinity levels (0–28 ppt NaCl). The total number of nymphs per treatment is given in par
0 4 8
Nymph weight (mg) 5.89 ± 0.65 5.81 ± 0.76 5.65 ± 0.68
(50) (60) (60)
Survival (%) 68.9 74.4 78.0
(305) (481) (745)4. Discussion
The laboratory experiments reported here indicate that gravid
female C. terminifera appear able to detect increasing substrate
salinity. However, the sensory means requires further research
for this species. Locusts were observed to more frequently with-
draw from a drill hole prior to successful oviposition at higher sub-
strate salinities, presumably to move and attempt to locate a more
suitable area. Nonetheless, rates of successful oviposition remained
similar with only a slight decrease up to 28 ppt NaCl. Similarly,
successful oviposition has been recorded at salinities up to
23 ppt NaCl for L. migratoria, but the rate of oviposition relative
to control was very low (622.7%) at P12 ppt NaCl (Woodrow,
1965). For the desert locust, Schistocerca gregaria, the number of
egg pods laid and the duration of egg-laying activity markedly
decreased at a much lower 6 ppt NaCl, with concomitant increase
in the number of unsuccessful oviposition attempts (Newland and
Yates, 2008). Collectively, this suggests that C. terminifera may be
less averse to oviposition into saline soils than either L. migratoria
or S. gregaria, or that gravid females may reach a point in time
where they may oviposit indiscriminately (pers. comm. J. Nolan,
Australian Plague Locust Commission field officer).r arising from Chortoicetes terminifera eggs oviposited into sand substrate at a range of
entheses. No hatching was recorded at 24 and 28 ppt NaCl.
12 16 20 24 28
5.55 ± 0.43 5.28 ± 0.67 4.91 ± 0.50 – –
(60) (50) (10)
78.1 49.2 52.0 – –
(653) (384) (33)
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the extraction of water required for development and the
maintenance of water balance in soil invertebrates. While relative
salinity survival tolerances have been established for various
invertebrates from freshwater environments (Kefford et al.,
2003), data from species that inhabit arid environments are scarce.
Direct developing (i.e. non-diapause) eggs of C. terminifera were
shown to be resilient to a relatively wide range of substrate salt
concentrations (Table 1). Nonetheless, a relatively high water
activity (0.995) was required for maintenance of water balance,
which is not dissimilar to that required for direct development in
eggs of other locust species (e.g. L. migratoria and S. gregaria
tested using sucrose rather than NaCl as the osmotic regulator)
(Meats, 1970).
The egg weight data indicates that above a threshold of
approximately 12 ppt NaCl the decreasing ability of eggs to imbibe
sufficient moisture rapidly compromises the completion of devel-
opment to a point of no successful emergence at 24 or 28 ppt
(Table 1). Water uptake in C. terminifera eggs is a non-linear func-
tion whereby an initial phase of negligible uptake, that equates to
approximately the first quarter of total development, is followed
by a second phase of rapid uptake that continues for approximately
the second quarter of total development and coincides with the for-
mation of the hydropile at one end of the egg (Wardhaugh, 1973).
Immediately following this second uptake phase, the egg has
approximately doubled in mass and water uptake slows markedly
and remains low until hatching (Wardhaugh, 1973). However, egg
pod dissections here showed that most eggs entered quiescence
at the first of two known development checkpoints (development
stage IVa) that corresponds to 25–30% of total development
(Wardhaugh, 1973), rather than dying (Table 1). Indeed, prelimi-
nary experiments showed that >70% of quiescent eggs across the
range of salinity treatments tested were able to recommence devel-
opment when excavated approximately one week after quiescence
induction and then re-wet to 8% moisture by weight with no salt
(data not shown). Such a response, if observed in the field, would
therefore presumably rely on heavy storm rainfall to transiently
dilute salt concentration near the soil surface sufficiently for devel-
opment to recommence. Otherwise, the affected eggswould remain
in quiescence, for a presently unknown time period, until death.
The water activity required for maintaining water balance in
quiescent (and potentially overwintering diapause) eggs is likely
to be considerably lower compared to direct developing eggs, but
requires further investigation.
In addition to the identification of a threshold salinity level for
direct embryonic development, this study aimed to quantify any
on-going or delayed costs for the subsequent life stage. Hatchling
nymph body weight and survival was reduced at substrate salinity
of >12 ppt NaCl, and when coupled with the concomitant decrease
in egg weight at 50% total development time, would appear to
reflect increasingly compromised water availability at higher salin-
ities. It is also possible that some nymphs suffered from increased
energy expenditure at higher salinities owing to the need for phys-
ical navigation past increasing numbers of quiescent eggs within
the tight confines of the egg pod. This could have impeded success-
ful emergence at the surface (see Woodman, 2015), but further
research is required.
The extent to which locust population dynamics can be influ-
enced by oviposition site selection and different soil composition
parameters in the field has been a longstanding question for pop-
ulation monitoring and forecasting (Clark, 1974; Farrow, 1979,
1982). The results presented here report successful oviposition in
saline substrate, despite an apparent ability to detect and with-
draw from increasing salt concentrations. Importantly, successful
direct development, with no change to total development times,
can proceed from substrate that exceeds presently known salinitylevels over most of the species range (e.g. <8 ppt NaCl (calculated
from EC measurements) from 20 different Riverina soil types
sampled in New South Wales; Grape and Wine Research and
Development Corporation, 2013). Despite the finding that lower
nymph body weight and survival may arise from saline substrate,
cases of high mortality are unlikely and would have little, if any,
direct effect on broader scale distribution and abundance in the
field at any time of the year.
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